The electrocardiographic (ECG) pattern of right bundle-branch block (RBBB) occurs routinely in patients after open-heart surgery for tetralogy of Fallot (TF). To determine the etiology of the RBBB pattern, 14 patients with TF, seven with ventricular septal defects (VSD), and one with pulmonary stenosis (PS) were studied during and after cardiac surgery. Bipolar electrograms from 10 selected right ventricular epicardial sites were recorded simultaneously with an ECG. Records were obtained before and immediately after vertical right ventriculotomy, after infundibular resection, and after repair of a ventricular septal defect (VSD). The vertical ventriculotomy alone was always associated with significant prolongation of the time of epicardial activation only to the recording sites lateral to the incision with prolongation of the QRS complex by an average of 39 msec, and with the appearance of an RBBB ECG pattern. Infundibular resection and VSD repair were not associated with any changes in the electrophysiologic parameters measured. A retrospective analysis of 251 patients with TF, VSD, and PS revealed a 100% incidence of RBBB pattern in the electrocardiograms of only those who had undergone ventriculotomy. It can be concluded that the RBBB pattern seen postoperatively in patients with TF is due to changes in right ventricular activation secondary to the vertical ventriculotomy.
etiology of this electrocardiographic pattern following correction of PS was thought to be due to infundibular resection of the subpulmonic area with interruption of distal ramifications of the right bundle branch.7 However, Coggin and associates, in a published abstract,8 suggested that the RBBB seen following VSD repair was not due to trauma to the main right bundle branch but was a direct result of interruption of the peripheral ventricular conduction system secondary to the right ventriculotomy.
It had been assumed from electrocardiographic observations, from the clinical studies on other forms of congenital heart disease just cited,4and because the anatomic course of the right bundle branch9' 10 is similar in TF and VSD, that the RBBB pattern observed postoperatively in TF was most likely due to surgical trauma to the proximal right bundle branch. 11 12 Because no physiologic data are available concerning the etiology of the RBBB pattern observed postoperatively in TF to support the conclusions drawn from the anatomic and clinical studies, and because right ventriculotomy, infundibular resection, and direct closure of the VSD have all been implicated in the etiology of the RBBB, and all are necessary in the surgical repair of TF, we have conducted a systematic physiologic investigation to determine which is the prime factor in the genesis of this electrocardiographic manifestation.
Methods
All patients were studied during cardiac surgery. The experimental protocol varied slightly for each patient and was determined by the nature and requirements of the surgical procedure. A summary of pertinent clinical data on the 22 patients studied is provided in table 1. The ages of the patienits studied ranged from 3 to 19 years, the mean age being 9 years. All patients underwent cardiovascular catheterization and cardiac angiography prior to surgery. Fourteeni patients had TF, seven had VSD, and one patient had infundibular and pulmonary valve stenosis. Of the seven patients with VSD, three had undergone pulmonary artery banding in infancy, and therefore at the time of repair of their lesion their condition hemodynamically resembled TF. The VSD of six patients was corrected via a right Circulation, Volume XLIV, December 1971 ventriculotomy and the last patient's lesion (case 21) was corrected throuigh a right atriotomy. All had membranous or suberistal VSD. Electrocardiograms (ECG) recorded in the operating room prior to thoracotomy were comparable in all respects to those recorded 1 to 3 days prior to surgery. All patients had a QRS duration of 80 msec or less prior to surgery. RBBB was defined1': as (1) QRS duration greater than 100 msec, (2) wide slurred S in leads I anid V;. anid (3) slurred R' iin leads IIl, aVI , atid V]
All studies were performed during the period of cardiopulmonary bypass. Each patient was studied duiring spontaneous atrial rhythm or during atrial rhythm produced by pacing the atria thirough a bipolar electrode placed in the regioni of the sinoatrial node.14 The atria were paced at a rate slightly in excess of the spontanieous rate. Stimuli were provided by a special digital tlhreslhold stimulator (Medtronics 1187). All leads in contact xvith the heart were isolated both from ground an-d from the recording instruments by isoation transiformers. Using a hand-held probe containing three silver electrodes,'4 bipolar elec trograms were recorded from 10 selected sites on the epicardial surface of the right velntricle ( fig.  1 ). Recordings were obtained befole aniy suirgical and recorded on photographic paper moving at a speed of 100 mm/sec. ECGs were recorded at a sensitivity of 2 cm/mv. During periods of data collection, body temperature, measured from the retrocardiac portion of the esophagus or from the rectum, varied from patient to patient as determined by the requirements of the surgical procedure. The range was 32 to 37°C for all patients studied except one in whom the temperature was 300C during the procedure. For each patient, all recordings were made at the same temperature. The relative sequence of activation of the right ventricular recording sites was determined by measuring the interval from the earliest recorded onset of the QRS complex in the bipolar electrograms recorded from each site. Measurements of all intervals were made from the records using a vernier measuring device having an accuracy of + 1 msec. To obtain data on the incidence of an RBBB pattern recorded following open-heart surgery at our institution, in a retrospective 4-year study (January 1967 to December 1970), the preoperative and postoperative ECGs of patients with the following defects were analyzed: TF, VSD repaired through a ventriculotomy, VSD repaired via an atriotomy, and PS repaired from the pulmonary artery or through a right ventriculotomy.
Results

Relationship of RBBB Pattern to Right Ventriculotomy
An electrocardiographic pattern of RBBB occurred in all patients in whom right vertical ventriculotomy was performed as part of the surgical repair. ECGs for a representative patient recorded 2 days before and 9 days after surgery are shown in figures 2 and 3.
Associated with the appearance of the RBBB pattern in this patient, the QRS complex Circulation, Volume XLIV, December 1971 increased 40 msec in duration. An average increase of 39 msec in QRS duration occurred in all patients who had a ventriculotomy. It is of interest to note that the greater postoperative increases in QRS duration occurred in patients with the narrower QRS complexes preoperatively (table 2). In each instance in which the RBBB pattern was recorded after ventriculotomy, prolongation of the QRS complex was associated with the appearance of a slurred S wave in ECG lead I and an R' deflection in lead aVR. Patient 21, who underwent repair of her VSD through the right atrium, and hence did not require ventriculotomy, did not develop a postoperative ECG pattern of RBBB. A transient increase in QRS duration of 10 msec did occur, but the duration returned to the preoperative value within 3 days.
Epicardial Activation Times in Relation to Ventriculotomy Activation time measured from onset of the earliest deflection of the QRS complex to each of the 10 right ventricular epicardial recording sites during the various stages of repair for a representative patient with TF is shown in figure 4 . Activation times of all 10 sites during control recordings (panel A) in this patient varied from 37 to 43 msec. Immediately after the vertical ventriculotomy (panel B), there was little or no change in the time of activation of sites 1, 2, 3, and 10. However, time of activation of all sites lateral to the ventriculotomy, i.e., sites 4 to 9, increased by 56 to 61 msec. Concomitant with this increase in activation times there was a change in the QRS morphology and duration. The initial QRS duration of 78 msec increased to 118 msec. Associated with the changes in activation time following ventriculotomy was an obvious slurring of the S wave (panel B), which produced the increase in the duration of the QRS complex. Panels C and D represent activation times of the epicardial sites after resection of the subirnfundibular pulmonic area and repair of the VSD, respectively. Neither a further increase in activation time of any of the 10 ECG of patient 6 taken 2 days prior to surgery. Right-axis deviation is present. Note that the QRS interval measures 80 msec and there is no evidence of right bundle-branch block on limb or precordial leads. duration occurred after these latter two surgical procedures. Similar increases in activation times of sites 4 to 9 occurred in all patients who had a right ventriculotomy as part of their surgery (table 3) . Activation times prolonged by 34 to 68 msec, whereas activation time of sites 1, 2, 3, and 10 remained essentially unchanged throughout surgery. Prolongations of the QRS complex and changes in QRS morphology were recorded in all these patients only immediately after the ventriculotomy. An analysis of the activation times in the one patient who had VSD corrected through the right atrium is shown in figure 5 . In panel A, control activation times are noted. Activation times to the epicardial sites ranged from 29 to 33 msec. After repair of the VSD (panel B) activation times to the epicardial sites were similar to control values. They ranged from 29 to 35 msec. Lead-I QRS complexes before and after repair of the VSD are also shown. Note that no changes occurred in QRS morphology or duration. ECG of the same patient as in figure 2, taken 9 days after surgery. QRS interval now has increased to 120 msec. A prominent slurred S is present in leads I and aVL, and a slurred R in lead aVR. Precordial lead V1 has the typical broad slurred R', and lead V6 has the slurred S wave observed in RBBB. between 26 and 39 msec after the beginning of the inscription of the QRS complex. Panel B shows the lead-I QRS complex immediately after the vertical ventriculotomy. The duration of the QRS complex prolonged to 118 msec and was associated with the appearance of a markedly slurred S wave. Activation times of sites 1, 2, 3, and 10 were unchanged from control. Activation times of sites 4 to 9 now were prolonged to 64 to 77 msec when compared to the control activation times. Note that sites 4 to 9 are activated during the inscription of the slurred S wave of the QRS complex.
Epicardial Activation Time in Relation to the QRS Complex
In contrast, figure 7 demonstrates the time of activation of the right ventricular epicardial Circulation, Volume XLIV, December 1971 sites superimposed on a lead-I QRS complex before and after surgical repair of a VSD which was corrected without a ventriculotomy. QRS morphology was not altered by the surgical procedure; the duration of the QRS complex (78 msec) was identical before and after total correction of the lesion; and epicardial activation times to all sites before and after the repair did not significantly differ, i.e., they ranged from 29 to 33 msec before and 29 to 35 msec after surgery. Effect of a vertical ventriculotomy on the activation times to the right ventricular epicardial recording sites in a representative patient (case 11). Each panel shows a schematic drawing of the right ventricle with the time of activation to each site illustrated. Below the right ventricular drawing is an electrocardiographic Wead-I QRS complex recorded during the period of measurement of the activation times. (A) Activation times made prior to the ventriculotomy ranged from 37 to 43 msec for the 10 epicardial sites. The QRS interval is 78 msec. (B) Immediately after the ventriculotomy (dashed line), epicardial activation times to sites 1, 2, 3, and 10 remained unchanged while activation time to sites 4 to 9 significantly increased (range 99 to 103 msec). The QRS complex has prolonged to 118 msec, associated with the appearance of a slurred S wave. (C and D) Activation times after infundibular resection and repair of the VSD. There are no further changes in epicardial activation time, QRS duration, or morphology after these procedures. Time scale: 100 msec as indicated.
(1/1/67 to RBBB pattern (table 4) . One hundred thirtynine patients with TF, 55 with VSD, and 12 with infundibular PS had open-heart surgery in which total correction of their lesions necessitated a vertical ventriculotomy. None of these patients had an RBBB pattern recorded in the preoperative ECG, but all developed an RBBB pattern following surgery. On the other hand, there were 26 patients with VSD and 19 with valvular PS who had surgical correction either from a right atrial approach (VSD patients) or via the main pulmonary artery (PS patients); none of these patients developed ECG evidence of a RBBB pattern following surgery. Thus the incidence of an RBBB pattern following right ventriculotomy was 100%, but was 0% when no ventriculotomy was performed, despite the fact that patients with similar anatomic lesions are included in both groups. 
Discussion
The electrocardiographic pattern of RBBB which is recorded postoperatively from patients with VSD has been attributed most often to surgical damage to the proximal right bundle branch,4 since the bundle branch lies Temporal relation of the time of activation of the 10 epicardial sites plotted on an electrocardiographic lead-1 QRS complex before (A), and immediately after (B), ventriculotomy in patient 9. (A) The QRS duration is 60 msec. Note that activation times to the 10 epicardial sites occurred between 26 and 39 msec. (B) After the ventriculotomy a slurred S wave appeared and was associated with an increase of the QJRS duration to 118 msec. Activation times to sites 1, 2, 3, and 10 are unchanged. However activation times to sites 4 to 9 have prolonged to 64 to 77 msec and occur during the inscription of the slurred S wave. Time scale as indicated. on the posterior-inferior aspect of the VSD.10
Anatomic studies of the ventricular conducting system in TF demonstrated that in this lesion the conducting system is also positioned in the posterior-inferior portion of the defect.9' 1 Hence the RBBB which invariably follows surgical correction of TF has been attributed to injury to the proximal conducting system occurring when the VSD was repaired."' 12 On the other hand, Esmond and others,'6 studying the peripheral ramifications of the cardiac conducting system in the human heart, demonstrated that an operative incision in the anterior wall of the right ventricle may result in RBBB due to interruption of the Purkinje fiber network distal to the moderator band. Fisher and associates17 described changes in the postoperative ECG of patients who had their VSD corrected and felt that ventriculotomy was crucial to the development of an RBBB pattern. Coggin and others8 supported the pathologic study of Esmond's group which described for all patients undergoing VSD repair the onset of an RBBB pattern at the precise moment of incision of the right ventricle.
Indirect support for our observations is provided by experimental studies on canine hearts. [18] [19] [20] These studies have demonstrated that right ventricular activation in the dog normally begins in the lower and anterior apical area adjacent to the anterior interventricular groove. Activation then proceeds laterally over the epicardial surface. Genender and associates'8 have shown that when a ventriculotomy is made lateral to the freerunning Purkinje fibers, there is a consistent alteration in the sequence of activation of the right ventricular epicardium as well as a prolongation in the total time required for right ventricular depolarization. However, there were no changes resembling RBBB in the ECG. Hill and others,20 studying the time and sequence of right ventricular epicardial activation in the dog, demonstrated that in experimental and spontaneous RBBB there is a later activation of the right ventricular epicardial sites than in normal dogs.
It is clear from our physiologic data that the vertical ventriculotomy alone was responsible for the occurrence of the RBBB pattern in the ECGs in our cases. Furthermore, the retrospective comparison of the ECGs of patients undergoing TF repair, correction of VSDs with or without a ventriculotomy, or PS repair with or without a ventriculotomy at our institution also indicates that the ventriculotomy was responsible for the RBBB pattern in these patients as well. If the repair of the VSD per se results in trauma to the right bundle branch with consequent interruption of the right bundle branch, then one would expect an equal or similar incidence of RBBB following VSD repair regardless of the surgical approach, but clearly this is not true. An incidence of RBBB of 100% in patients with VSD corrected via a ventriculotomy and an incidence of 0% when no ventriculotomy was necessary support our physiologic data and the earlier studies of Coggin8 and Esmond16 and their associates.
It is of paramount importance to emphasize that all 21 of our patients who required ventriculotomy developed the characteristic electrocardiographic pattern of RBBB. QRS duration increased by about 40 msec mainly due to the appearance of slow terminal right ventricular depolarization (slurred S wave in lead I). This occurred simultaneously with the termination of the ventriculotomy. Activation time of sites that were lateral to the ventriculotomy significantly prolonged (34 to 68 msec) while activation time of those sites that were medial to the ventriculotomy remained unchanged. Since activation time of these latter sites remained unchanged, we assume that no further injury to the right ventricular conduction occurred with further surgical procedures. From the studies by Durrer and co-workers2' on the normal sequence of ventricular activation )f the human heart, if trauma to the proximal right bundle branch had occurred at any time during surgery, we would have expected a prolongation in activation time of all sites on the right epicardial surface, not just those sites lateral to the ventriculotomy. The studies of Hill and others20 on the canine heart also support our thesis.
Circulation, Volume XLIV, December 1971 We have demonstrated that when vertical ventriculotomy is employed during cardiac surgery for TF, VSD, and PS, the ventriculotomy is the prime factor responsible for the electrocardiographic pattern of RBBB seen postoperatively. Careful examination of the other reported examples of damage to the A-V conduction system is instructive. Rosenbaum and associates12 reported four cases of RBBB and left anterior hemiblock following correction of TF. They suggested that both the right bundle branch and left anterior branch were traumatized at surgery at the time of repair of the defect in the ventricular septum. In light of our data, we would suggest a different interpretation, namely, that the RBBB pattern resulted from the ventriculotomy and the left anterior hemiblock may have resulted from trauma to a portion of the left bundle branch. In fact, it is of interest that in one of these cases the left anterior hemiblock was transient while the RBBB remained. In this case, the right ventriculotomy probably was responsible for the RBBB, and edema for the hemiblock. As the edema regressed, the left anterior hemiblock resolved. If indeed there was surgical interruption of the right bundle and left anterior division, then both electrocardiographic manifestations should have remained.
Our data suggest that it may be necessary to reconsider the significance of the criteria employed in clinical cardiology to diagnose RBBB. It is apparent from our studies, and from the conclusions of Scherlis and Lee5 and Scherf,22 that these criteria may not be diagnostic of right bundle-branch block. We have shown that a typical electrocardiographic pattern of RBBB can occur without injury or impairment of conduction over the main right bundle branch. A vertical ventriculotomy can result in a significant delay of right ventricular activation which is capable of producing wide slurred S waves in leads I and V6, an R' in leads III, aVR, and VL, and marked prolongation of the QRS duration.
The conclusions from our data are of important prognostic value because patients who undergo corrective open-heart surgery which includes a ventriculotomy develop a RBBB pattern which is not due to injury to the main right bundle. Therefore, if left bundle-branch block occurs at a future time, these patients will not have complete heart block since the main right bundle branch is still intact.
